Abstract. The aim of this study was to evaluate potential predictive factors in the treatment of limited-disease small cell lung cancer (LD-SCLC). A total of 33 patients with LD-SCLC who underwent definitive chemoradiotherapy at our institute between April 1996 and May 2007 were enrolled in our retrospective study. The relationship between a range of potential predictive factors and the initial response, time to progression and pattern of failure was analyzed. The factors evaluated included the tumor markers Pro-gastrin-releasing peptide (Pro-GRP) and neuron-specific enolase; net tumor size (sum of each lesion mass on computed tomography at 1-cm intervals); total radiation dose; biological effective dose (BED); overall treatment time (OTT); time between the start of any type of treatment and the end of radiation therapy (SER). In addition, the novel factors of radiation dose-intensity (RDI = BED/OTT) and RDI/NTS (= RDI/net tumor size) were defined. Of the 33 patients evaluated in our study, 22 (67%) achieved a complete response (CR) and 27 (82%) experienced treatment failure or recurrence. High RDI/NTS values showed a significant correlation with CR (P=0.043). Prolonged OTT and lower values of RDI and RDI/NTS showed a significant correlation with recurrence within 12 months (P=0.022, 0.033 and 0.015, respectively). The lower values of RDI and RDI/NTS showed a significant correlation with distant metastasis as a first failure site (P=0.038 and 0.044, respectively). Patients with RDI/NTS ≥0.08 had a more favorable prognosis (P= 0.045). Thus, RDI and RDI/NTS may become beneficial predictive factors in the treatment of LD-SCLC. However, further studies are required to confirm our preliminary results.
Introduction
Patients with small cell lung cancer (SCLC) account for approximately 13% of all lung cancer patients and have a poor prognosis (1) . Although 30-40% of these patients are diagnosed as having limited-disease small cell lung cancer (LD-SCLC), the majority of SCLC patients experience occult metastasis. Systemic chemotherapy is thus considered to be the primary treatment modality. As a consequence, the role of radiotherapy in the treatment of SCLC has been controversial.
However, two meta-analyses carried out in 1992 confirmed the value of thoracic irradiation in decreasing local recurrence and improving survival (2, 3) . Following these findings, it was shown that concurrent chemoradiotherapy and accelerated hyperfractionation were delivered safely, and 5-year overall survival was improved to 26% (4) . Prophylactic cranial irradiation (PCI) was recommended for patients achieving a complete response (CR). A meta-analysis conducted by Aupérin et al revealed that PCI improved 3-year survival by 5.4% in patients who achieved CR (5) .
Due to these advances in treatment during the previous two decades, certain subgroups of patients with LD-SCLC were expected to achieve a CR. To obtain data regarding curability, a simultaneous analysis of tumor-related and treatment factors was required. Factors such as large tumor size indicate that patient cure may be difficult. It may also be difficult to achieve a cure if the patient has a tumor with a high level tumor marker. In such cases, the possibility of systemic spread exists, even if the cancer has the appearance of localized disease on imaging.
Since treatments for LD-SCLC are associated with considerable toxicity, prediction of patient curability is crucial in determining the appropriate treatment strategy. Patients expected to be cured should be treated with curative intent. Other patients, such as the elderly or poor performance status patients, should be treated with palliative intent.
In the present study, a new approach was used to analyze the relationship between these potential predictive factors and the initial response or pattern of failure, with the objective of gaining new insights into the curability of LD-SCLC.
periods of less than 6 months, underwent definitive chemoradiotherapy at our institution, between April 1996 and May 2007. Of the 45 patients, 33 were included in our study. Of the 12 patients excluded from the study, 2 were excluded because the primary lesion could not be identified, 8 due to a difficulty in the evaluation of imaging and 2 for having undergone surgery for early-stage primary lesion following completion of radiotherapy. The 33 cases were pathologically confirmed as SCLC and staged using brain magnetic resonance imaging (MRI), computed tomography (CT) of the thorax and upper abdomen, and bone scintigraphy. Bone marrow aspiration was not carried out for any of the patients. Limited stage was defined as the tumor being located in one hemi-thorax, including a contralateral mediastinal node, and the bilateral supraclavicular fossa. Approval for this retrospective analysis was obtained from the Institutional review board. Patient and tumor characteristics are shown in Table I .
Radiotherapy. External-beam radiotherapy was delivered using a linear accelerator with a 6, 15 and 18 MV photon beam (6 MV, 11 cases; 15 MV, 8 cases and 18 MV, 14 cases). Radiation fields typically included the primary lesion, ipsilateral hilum and the entire mediastinum. For 6 patients, the radiation field included only the primary lesion and involved lymph nodes. The supraclavicular fields were treated for 5 patients with supraclavicular fossa nodal involvement. The patients were treated with anterior-posterior opposing fields to a prescribed total radiation dose of 30-45 Gy, followed by irradiation of off-cord oblique opposing fields to a total prescribed dose of 45-60 Gy.
Chemotherapy. Table II shows the timing of chemotherapy relative to radiotherapy, the combined agents and the number of chemotherapy cycles. Chemotherapy regimens were selected according to patient age or performance status.
Evaluation and statistical analysis. The factors evaluated were pro-gastrin-releasing peptide (Pro-GRP), neuron-specific enolase (NSE), net tumor size (NTS), total radiation dose, biological effective dose (BED: α/β = 10), overall treatment time of radiotherapy (OTT) and time between the start of any treatment and the end of radiation therapy (SER). To compare the effects of different fraction sizes and total doses, the BED was used in a linear-quadratic model. The BED was then calculated as follows, adopting 10 as the α/β ratio for the estimation of tumor response: BED = nd (1 + d/α/β), where n = fraction number, d = daily dose and nd = total dose.
If chemotherapy and radiotherapy were not administered concurrently, tumor marker values prior to the start of the first treatment were used for the analysis. Pro-GRP was not achieved in 2 cases. Net tumor size was defined as the sum of the long axis distance assessed for all of the mass lesions, including the lymph nodes and the primary lesion on each slice of the CT image at 1-cm intervals, using spiral CT prior to planning (Fig. 1 ). Net tumor size was evaluated prior to commencement of any treatment.
To evaluate these factors synchronously, the following parameters were defined: radiation dose-intensity (RDI) = BED/OTT; and RDI/NTS = RDI/net tumor size. The relationship between the values of these factors and the three therapy results, i.e., the initial response (CR vs. non-CR), time to progression (≤12 vs. ≥13 months) and pattern of failure (loco-regional failure vs. distant metastasis), were analyzed using the Mann-Whitney U test. P<0.05 was considered to be statistically significant. An initial response was evaluated within 1 month after the completion of radiotherapy and was judged according to RECIST criteria. A CR was defined as the disappearance of all visible disease when assessed using chest X-rays and the normalization of tumor markers. CT was only used to assess the response to treatment when no evaluable lesions were observed on the initial chest X-ray. The time to progression was calculated from the last day of radiotherapy to the date of the first evidence of disease progression. The intervals between subsequent follow-up examination using CT imaging of the chest and abdomen or brain MRI were variable. When the level of any tumor marker became elevated, further examination was performed immediately, in addition to the routine follow-up examination occurring every 1-3 months. If concurrent loco-regional failure and distant metastasis were observed, they were classified as distant metastasis. Using the Kaplan-Meier method, survival time was measured from the date of administration of any initial treatment to the date of death from any cause. The log-rank test was used to evaluate any difference. Statistical analysis was carried out using SPSS version 16.0 software (SPSS Inc., Chicago, IL, USA).
Results
Tumor progression. The follow-up period ranged from 6 to 80 months, with a median value of 18 months. The 2-year survival rate was 44% (95% CI, 27-61) and the median survival time was 19 months. Of the 33 patients, 22 achieved CR (67%). Only 4 patients who achieved a CR underwent PCI. In total, 27 patients experienced treatment failure or recurrence. The median time to progression was 6 months. Tumor progression occurred within 12 months in 74% of the patients. The pattern of failure and the sites of first recurrence are shown in Table III . A total of 6 patients developed locoregional failure and 21 experienced distant metastasis. The most common site of distant failure was the brain, followed by bone.
Treatment characteristics. A summary of treatment characteristics is shown in Table IV . Once-daily radiotherapy was administered to 15 patients and twice-daily radiation therapy was administered to 18 patients. Radiotherapy was administered twice daily at a dose of 1.5 Gy/fraction to a total dose of 45 Gy in 17 patients, and 51 Gy in 1 patient. Total doses of the once-daily fraction schedule ranged from 36 to 60 Gy, mainly at a dose of 2 Gy/fraction.
Findings of statistical analysis. The results of the statistical analysis are recorded in Table V . The high value of RDI/ NTS showed a significant correlation with CR (P=0.043). The median RDI/NTS was 0.078 (range 0.020-1.31) in patients who achieved a CR, whereas it was 0.054 (range 0.020-0.08) in those who did not. Net tumor size was of marginal significance (P=0.075) and patients with larger tumor size tended not to achieve a CR. Median net tumor size was 30 cm (range 2-93) in patients who achieved CR, whereas it was 37 cm (range 24-77) in patients who did not. With regard to the time to progression, prolonged OTT and the lower value of RDI and RDI/NTS showed a significant correlation with disease recurrence within 12 months (P=0.022, 0.033 and 0.015, respectively). In patients who relapsed within 12 months, the median OTT, RDI and RDI/NTS values were 36 days (range 20-46), 1.79 (range 1.51-2.60) and 0.052 (range 0.02-0.43), respectively, whereas in patients who did not relapse within 12 months or who did not relapse at all, these values were 21 days (range 18-43), 2.47 (range 1.67-2.74) and 0.078 days (range 0.04-1.31), respectively. The BED and total dose exhibited marginal significance when correlated with disease recurrence (P=0.061 and 0.051, respectively).
Patients who developed a recurrence within 12 months had a higher BED and total radiation dose, which may have been correlated with a longer OTT. The median BED and total dose were 60 Gy (range 52-72) and 50 Gy (range 45-60) in patients with recurrence at ≤12 months, respectively, whereas the median BED and total dose were 52 Gy (range 47-72) and 45 Gy (range 36-60) in patients with recurrence within ≥13 months, respectively.
With regard to the site of first failure, the lower value of RDI and RDI/NTS showed a significant correlation with distant metastasis as a first failure site (P=0.038 and 0.044, respectively). RDI and RDI/NTS were higher in patients who relapsed as a loco-regional failure rather than distant metastasis. The median RDI and RDI/NTS were 1.79 (range 1.51-2.60) and 0.055 (range 0.02-0.43), respectively, in patients who developed distant metastasis as a first failure site, whereas the median RDI and RDI/NTS were 2.41 (range 1.71-2.74) and 0.086 (range 0.05-1.31), respectively, in patients who developed loco-regional failure as a first failure site. NSE and OTT exhibited marginal significance (P=0.054 and 0.070, respectively). In patients who developed distant metastasis, there was a tendency to have a higher NSE value and a longer OTT. In patients with distant metastasis, the median values of NSE and OTT were 17.0 ng/ml (range 7.9-120.0) and 35 days (range 20-46), respectively, whereas in patients with loco-regional failure, the median values of NSE and OTT were 11.5 ng/ml (range 7.3-42.0) and 22 days (range 18-42), respectively. Fig. 2 shows the survival curve according to the value of RDI/NTS. Although the evaluation was limited by a short follow-up period, patients with RDI/NTS ≥0.08 had a more favorable prognosis (P=0.045).
Discussion
During the last two decades, the survival of patients with LD-SCLC has improved due to the development of optimal radiotherapy treatment protocols. In these protocols, radiation dose and time factors are crucial. Tumor markers are considered to be associated with outcome (6) (7) (8) (9) (10) . In addition to these factors, we proposed that tumor size affected treatment outcome. Evaluating these predictive factors is beneficial to the development of effective treatment strategies. For example, treatment of elderly patients using an intensive protocol improves the survival rate, but may simultaneously increase the risk of severe toxicity or treatment-related death (11, 12) . We hypothesized that patients who are expected to achieve a CR, with no recurrence within 1 year and no progression to systemic disease even if recurrence has occurred, should be treated with curative intent. Therefore, we carried out a retrospective examination of the relationship between these factors and the initial therapeutic response or pattern of failure.
In cases with high tumor marker values, there is a possibility that the disease has already metastasized to other organs. A number of investigators have reported the effectiveness of using tumor markers to evaluate the disease (6-10). The majority of these studies were concerned with NSE or Pro-GRP. Pro-GRP has been shown to have a high sensitivity and to be effective in the diagnosis of cases of early-stage SCLC, or in monitoring the disease after treatment (7,10). On Table V . Results of statistical analysis of the experimental date. the other hand, NSE is often elevated in patients with extended disease, and higher NSE values indicate systemic spread (7, 9, 13, 14) . Thus, NSE may be an indicator of systemic spread of the disease. Our study also showed that patients with a high value of NSE exhibited a tendency to develop distant metastasis as an initial relapse site. It is possible that a high value of NSE indicates the existence of distant metastasis, even if it was not detected using imaging. Tumor size has a great effect on treatment outcome (15) . We consider that the reason for the limited studies available regarding tumor size in the case of SCLC is due to the difficulty in measuring tumor size objectively and adequately. Numerous patients with SCLC present with a multiform appearance of the disease due to the fusion of lymph nodes with the primary lesion, rendering assessment of the disease a challenge. Therefore, we measured the length of the long axis distances of each lesion at 1-cm slice intervals on CT, and did not separate the mass into lymph nodes and primary lesion.
Large tumor size is also correlated with poor initial response or local control in patients with LD-SCLC. One treatment strategy for such cases is dose escalation. Choi and Carey stated the need for dose escalation on the basis of a dose-response curve (16) . The Cancer and Leukemia Group B (CALGB) 39808 have stated that 70 Gy thoracic radiotherapy delivered concurrently with chemotherapy was feasible and comparable to AHF (17) . However, in CALGB 30002, relapse or progression occurred more frequently in the high-dose volume (18) . On the other hand, Tomita et al reported the effectiveness of a high dose of radiation (19) . Therefore, the benefit of dose escalation remains unclear. We speculate that simple dose escalation cannot improve treatment outcome in cases with large tumors. Evaluation of the true dose-response relationship is difficult. Since dose escalation with a standard fraction schedule causes prolongation of the OTT, which allows additional time for accelerated tumor clonogen proliferation, higher radiation doses are required (20) . Recently, a study related to this issue was published (21) . Using a mathematical model that took into consideration tumor doubling time and kick-off time, Arvidson et al demonstrated that the most effective duration of the OTT is 3 weeks. These authors reported that if the OTT was fixed at 3 weeks, 2-year local progression-free survival was affected by the dose per fraction, and that dose escalation improved 2-year progression-free survival.
In addition, a recent meta-analysis disclosed that SER was the most important predictive factor when using platinumbased chemotherapy (22, 23) . A phase III study conducted by Takada et al involving 231 patients with LD-SCLC showed a similar tendency in favor of short SER, but there was no significant difference in survival (24) . In this study, brain metastasis occurred more frequently in patients with longer SER, but the loco-regional failure rate was not significantly different. Similarly, Murray et al reported that prolongation of SER resulted in more frequent brain metastasis, although the local control rates were similar (25) . We speculate that SER affects survival due to the probability of distant metastasis. However, this tendency was not demonstrated in the present study due to the small number of cases.
Another limitation of the present study was the low rate of PCI. A national survey conducted by Uno et al revealed that PCI has yet to be widely accepted in Japan (26) .
Selection bias affected the outcome of this study. However, our analysis indicated the significance of dose escalation without prolongation of the OTT for patients with large tumors. Further studies are required to confirm our preliminary results.
